In perovskite-type strontium titanate (SrTiO 3 ) 〈110〉 dislocations, which are the main carriers of plastic flow at low temperature, lose their mobility as temperature increases, leading to brittle failure above 1050 K. We present theoretical evidence for a change in their core structure into a sessile, climb-dissociated configuration at high temperature. This mechanism is shown to operate in both SrTiO 3 and MgSiO 3 , indicating that it may be a general feature of perovskite-type materials. It follows that the activity of the 〈110〉 slip system depends critically on the strain rate-temperature couple, ð _ ε; TÞ.
The discovery of the atypical mechanical behavior of strontium titanate (SrTiO 3 or STO) and its double ductile-brittle-ductile transition [1, 2] has challenged our understanding of the plastic behavior of perovskite-type materials, and has since motivated several studies. A series of experiments [3, 4] and simulations [5, 6] have provided a good understanding of the ductile behavior of STO at low temperature and demonstrated its direct link with the glide of 〈110〉 dislocations. However it is still unclear why this mechanism becomes inactive at high temperature, leading to brittle failure above 1050 K. It was initially proposed that 〈110〉 dislocations become sessile by dissociating into two 〈100〉 dislocations, or because of a change of preferential slip plane [2] . Later it was proposed that 〈110〉 dislocations dissociate by climb at high temperature, into a configuration similar to the one observed in low-angle tilt grain boundaries [7, 3] . Despite arguments in favor of the latter [8] , there has been no direct evidence for this change of core structure, the mechanisms by which it operates are still unknown, and whether this transition is specific to STO or a general feature of perovskite-type materials remains an open question.
In this work we investigate the effect of temperature on the core structure of individual [110] pc edge dislocations in two perovskitetype materials: the cubic strontium titanate, and the orthorhombic, high-pressure magnesium silicate MgSiO 3 which is the pure Mg endmember of bridgmanite [9] , the main constituent of the Earth's lower mantle. In the following we consider MgSiO 3 under the hydrostatic pressure of 30 GPa, corresponding to a depth of ca. 700 km i.e. the uppermost lower mantle. Throughout this article crystal directions are given in the (pseudo-)cubic reference, noted with the subscript "pc", for easier comparison between the two materials (in MgSiO 3
[110] pc = [100]; ½110 pc ¼ ½010 ; 2[001] pc = [001], see e.g. Ref. [10] ). The 〈110〉 pc dislocations belong to the easiest slip system in both materials [11] , [6] . Atomic systems were constructed with Atomsk [12] , and classical molecular statics and dynamics simulations were performed with LAMMPS [13] . Interatomic interactions in SrTiO 3 were modeled with the rigid-ion potential proposed by Thomas et al. [14] , and in MgSiO 3 with the one from Alfredsson et al. [15] .
The glide-dissociated core structures of [110] pc edge dislocations were modeled by structural optimization in both materials [11, 6] . The size of atomic systems is about 220 Å × 130 Å × c, verified to be large enough to ensure converged results. In STO the unit length c of dislocation line corresponds to one unit cell length [001], i.e. the width of one layer of octahedra, c(STO)=3.905Å. Because MgSiO 3 has a lower symmetry, the unit line length is 2[001] pc , i.e. the width of two layers of octahedra, c(MgSiO 3 ) = 6.709 Å. The ground-state dislocation configurations are represented in Fig. 1a and c. In STO these dislocations dissociate in their ð110Þ glide plane into two collinear partials of Burgers vector b = 1/2[110] separated by an anti-phase boundary (APB) of extension d =40 Å [11] . In high-pressure MgSiO 3 , [110] pc edge dislocations also spread in their ð110Þ pc glide plane, but with a much more compact core of width d = 13 Å. This core structure remains identical in a wide range of pressures, from 30 to 140 GPa [6] .
The high temperature core structures of the dislocations are obtained by performing molecular dynamics (MD) simulations for 10 to 20 ps at high temperature. A time step of 1 fs is used, and temperature is maintained with a Nose-Hover thermostat. In order to accelerate thermally activated processes, very high temperatures are used (3000-4000 K), allowing to observe the change of core structure in times accessible to MD. During the simulations the dislocations either remained glide-dissociated, or produced a climb-dissociated configuration. Several MD simulations are performed to obtain a good sampling of climb-dissociated configurations. All simulations produced similar climb-dissociated dislocation cores, with the cations at the same positions, and they remained identical even after several 100 ps of MD at high temperature. The only noticeable differences between the different configurations obtained are the positions of oxygen ions, due to their high diffusivity in both materials. The configurations are optimized thanks to a conjugate-gradients algorithm, and the ones of lowest energy are represented in Fig. 1b and d. In STO the dislocation dissociates in its climb plane, with an APB spread in the (110) plane. The climb APB extends over a distance of 14.3 Å, separating two pairs of Sr ions. This core structure is indeed very similar to climb-dissociated dislocation arrays observed in low-angle grain boundaries [16, 3] , except that in the latter the distance between partial dislocations is imposed by the tilt angle. In MgSiO 3 , the dislocation also dissociates in its (110) pc climb plane ( Fig. 1d) , with an extension of about 7.37 Å, smaller than in STO. In both materials the climb-dissociated configuration is more stable than the glide-dissociated core, by 0.29 and 0.74 eV/Å in STO and MgSiO 3 , respectively.
At low temperature the dislocations do not spontaneously switch to the lower-energy climb-dissociated core because this transformation requires the crossing of an energy barrier. We evaluate these barriers by means of the nudged elastic band (NEB) method [17] . The initial and final configurations are the glide-and climb-dissociated core structures, respectively, and NEB calculations employ from 8 to 32 images. The resulting minimum energy paths (MEP) are presented in Fig. 2 . In STO, the first configurations along the MEP correspond to the decrease of the distance between the two partials. The inset of Fig. 2 shows an intermediate configuration that is similar to the one in MgSiO 3 (Fig. 1c ). Only when the dissociation distance becomes small enough does the dislocation switch to its climb-dissociated configuration. The total energy barrier is estimated to 3.44 eV/c, or 0.88 eV/Å. Thus, the effect of temperature is first to reduce the dissociation width, and then to induce the transformation to the climb-dissociated core structure.
In the case of MgSiO 3 , due to the lower symmetry and the doubling of the unit length along the dislocation line (c = 2[001] pc ), the reaction path is more complex. Climb dissociation happens in successive steps, associated with three consecutive energy barriers (squares in Fig. 2 ). The first barrier corresponds to the change of core structure of the dislocation in the first half-plane of octahedra (0≤z b c/2), yielding an activation energy about 0.013 eV/Å, significantly smaller than for STO. This is due to the fact that in STO the dislocation has to reduce its spreading in the glide plane before switching to a climb configuration, while in MgSiO 3 the dislocation already has a compact core and can change its configuration more easily. Then, the dislocation changes its core structure in the second half-plane (c/2 ≤ z b c), with an energy barrier about 0.042 eV/Å. Finally, the third barrier with a height about 0.04 eV/Å corresponds to the rearrangement of oxygen ions inside the dislocation core, which further stabilizes the climb-dissociated configuration.
It is decisive that this transformation is hardly reversible. Once the core structure has changed it is very difficult to transform it back into the glide-dissociated configuration, because the activation energy is much larger. This can be related to yield stress anomalies in intermetallic compounds, triggered by dislocations adopting a sessile core structure at high temperature, eventually leading to locking and dislocation starvation [18] . The aforementioned activation energies correspond to the transformation of infinite, straight dislocation lines. In order to obtain a more realistic picture we compute the energy of formation of a climb-dissociated segment of width w along a long glide-dissociated dislocation of length L =20c. The atomic configurations were constructed by concatenation of glide-and climb-dissociated segments. In STO the glide-dissociated segments have the configuration shown in the inset of Fig. 2 , first to account for the reduced dissociation width at high temperature, and second to use a configuration similar to the one in MgSiO 3 . The climb-dissociated segments have the configuration shown in Fig. 1b . In MgSiO 3 , the glide and climb-dissociated segments are simply the ones shown in Fig. 1c and d . This situation is similar to the nucleation and propagation of kinks or jogs along a dislocation line. The formation of a climb-dissociated segment involves the formation of a pair of constriction jogs, each one having an energy U j , and interacting with an energy U jj . In addition, the climb-dissociated segment contributes with an energy U c that is negative compared to the glide-dissociated segment. Then, the propagation of the jogs along the dislocation line reduces their interaction, and increases the energy gain U c . Fig. 3 shows the relative energy of the dislocation line as function of w. In STO the energy increases at first, reaching 15 eV for a dissociation width of 2c. It means that the constriction jogs between glide-and climb-dissociated segments have a high energy cost. For greater widths the energy decreases linearly with a slope given by the contribution U c , which is estimated to U c = − 0.58 eV/Å. This energy is equal to the energy difference between the glide-dissociated configuration (inset of Fig. 2 ) and the climb-dissociated one. The energy of formation of the jogs can be determined by extrapolating the linear part of the curve (dashed line in Fig. 3) , and is estimated to 2U j =20.88 eV.
By contrast, in MgSiO 3 the formation of a small climb-dissociated segment is sufficient to decrease the energy of the dislocation line. The energy of a climb-dissociated segment is estimated to U c = − 0.76 eV/Å, i.e. very close to the value determined previously (−0.74 eV/Å). The energy of a constriction jog is estimated to 2U j = 2.07 eV, i.e. one order of magnitude smaller than in STO. Thus, it is much easier for climb-dissociated segments to form in MgSiO 3 than it is in STO.
In summary, in perovskite materials deformed at high temperature there is a competition between the applied stress σ, or strain rate _ ε, causing dislocations to glide with their glide-dissociated configuration, and temperature T that promotes the transformation of edge segments into their climb-dissociated configuration. At low temperature and high strain rate, dislocations glide easily and do not have time to change their core structure. At high temperature and low strain rate, dislocations are almost immobile and their edge segments can transform into the climb-dissociated configuration. Between those two end-case scenarios, it can be expected that the activated mechanisms strongly depend on the ð _ ε; TÞ couple, as schematically illustrated in Fig. 4 .
In SrTiO 3 deformed at the strain rate _ ε ¼ 10 −4 s −1 , like in the experiments in Ref. [1, 2] , increasing the temperature changes the balance between the possible mechanisms. At low temperature the 〈110〉 dislocations are very mobile and allow for significant plastic flow. As the temperature increases, edge segments of the dislocations progressively transform into the climb-dissociated configuration and act as pinning points, leading to strain hardening at first. When temperature is high enough more and more dislocation segments become sessile, eventually leading to brittle failure around 1050 K. In SrTiO 3 deformed at high temperature, long, straight dislocations of pure edge character were observed [3] . These dislocations do not appear to be dissociated in their glide plane, indicating that they may be in their climb-dissociated configuration. Considering the aforementioned energy path, it can be expected that slower strain rates would grant dislocations more time to change their core structure, thus causing the ductile-brittle transition to shift towards lower temperatures. On the contrary, using higher strain rates would shift it towards higher temperatures.
The same arguments apply to the deformation of MgSiO 3 . When deformed at T = 1200 K and strain rates typical to the laboratory, one observes the glide of 〈110〉 pc dislocations [10] . However in the conditions of deformation of the Earth's lower mantle (T = 1500 − 4000 K, _ ε ¼ 10 −12 to 10 −16 s −1 ), dislocations have an extremely low mobility and a lot of time to transform into their climb-dissociated core structure. As a result glide is completely inhibited. As illustrated in Fig. 4 , at a given temperature T, the mechanisms that are activated in laboratory conditions, i.e. dislocation glide under _ ε ¼ 10 −4 s −1 , cannot be extrapolated to the strain rates of the lower mantle. In the latter 〈110〉 pc dislocations are sessile, i.e. they cannot move by glide anymore. The high temperature creep conditions may allow them to move by pure climb mechanisms by absorbing or emitting vacancies. Similarly, if SrTiO 3 were deformed at very slow strain rates, it is possible that it may also deform by pure climb mechanisms instead of going through brittle failure.
As previously pointed out, the change of core structure is easier in MgSiO 3 than in SrTiO 3 . Indeed in the former the dislocation is compact and easily dissociates by climb, with a small activation energy. In the latter the wide initial spreading makes climb dissociation less immediate. It is necessary to reduce the distance between the two partial dislocations before climb dissociation can occur, and this has a large energy cost of its own. In potassium niobate (KNbO 3 ), another perovskite-type material, it was recently observed that 〈110〉 edge dislocations have a dissociation distance d = 60 Å [19] , even wider than in SrTiO 3 . Thus, it can be expected that the energy required to reduce the distance between the two partials and allow climb dissociation is even larger. Experimental observations show that 〈110〉 dislocations are still observed in KNbO 3 deformed at high temperature [20] , [19] , indicating that they are still glissile and have not dissociated by climb. These observations support the hypothesis that the initial spreading of the dislocation is directly correlated with the difficulty to dissociate by climb. In perovskite materials where 〈110〉 dislocations are very widely dissociated, it is possible that climb dissociation never occurs even at very high temperature. In summary, climb dissociation may be triggered easily in some perovskites, and with more difficulty or not at all in others, depending on the chemical composition and spreading of 〈110〉 pc dislocations.
It is important to note that the present results correspond to the change of core structure as a conservative process (i.e. at constant number of atoms). At high temperature point defects may interact with dislocations and alter the reaction path for climb dissociation. For instance, recent simulations have shown that the absorption of a Si vacancy is sufficient to induce the climb dissociation of an edge dislocation in MgSiO 3 , even without the help of temperature [19] . The effect of point defects on climb dissociation, and on subsequent motion by climb, need to be addressed separately.
Finally, in conditions where the easiest 〈110〉 pc slip system is inhibited, other deformation mechanisms may be activated, like point defects diffusion, grain boundary sliding, or other slip systems. For instance the 〈100〉 slip system becomes active in SrTiO 3 deformed above 1270 K [3] , allowing for a new ductile regime. There are also indications of 〈100〉 pc slip in KNbO 3 deformed above 800 K [20, 19] , and in MgSiO 3 deformed at 26 GPa and 2023 K [21] . The 〈100〉 pc dislocations have a compact core and cannot dissociate by climb, so this slip system becomes the easiest one when 〈110〉 pc slip is not possible. Their role in the high temperature creep of perovskites remains to be determined.
